Abstract. Responsiveness of Lepidoptera phenology to climate has been detected in a number of species during the current trend in global warming. There is still a question of whether climate signals would be evident in historical data. In this paper we examine the climatic response of 155 species of moths and butterflies collected during the period 1866-1884 in Wiltshire, southern England. In general, species responded to increased temperature in the previous October by delayed appearance and to increased temperature in the current spring by advanced appearance. Thus, differential changes in temperatures of the autumn and spring could well affect changes in the relative pattern of the phenology of species. Attributes influencing the species' ecology were examined to see if they influenced temperature responsiveness. In general, few consistent effects emerged, though responsiveness to climate was found to be greater for species eclosing later in the year, specifically to the previous autumn temperatures, and to hibernal environment, increasingly for species less exposed to air temperatures. These findings warn against expecting simple responses to climate warming.
INTRODUCTION
Historical data can provide valuable evidence on the effects of temperature and other climate variables on the phenology of species, both plant and animal. For some species that have no current phenological monitoring, examination of past data is the only way we can understand the likely effects of climate change on the timing of their life cycles. Furthermore, historic data were collected at an enormous cost in time and money and it is highly desirable that these data are fully exploited.
Data on the phenology of Lepidoptera is largely restricted to butterflies (e.g. Roy & Sparks, 2000; Forister & Shapiro, 2003; Stefanescu et al., 2003; Dell et al., 2005) whilst that for moths is sparser (e.g. Kuchlein & Ellis, 1997; Burton & Sparks, 2003) . These papers broadly suggest a recent advance in the appearance of adult Lepidoptera in conjunction with increased temperatures, and typically a greater advance in species appearing early in the year (e.g. Burton & Sparks, 2003) . Kuchlein & Ellis (1997) reported on the changing phenology of 104 micromoths in the Netherlands and Burton & Sparks (2003) on 18 macromoths in southern Germany. Other studies have focussed on the phenology of single pest species such as gypsy moth Lymantria dispar (e.g. Regniere & Nealis, 2002) or codling moth Cydia pomonella (e.g. Boivin et al., 2005) . Only one study has examined the phenological response of a large number of macromoths to temperature and other climatic variables. Woiwod (1997) studied 94 flight periods covering 58 moth species recorded by Rothamsted Insect Survey light traps having more than 20 individuals per year. Phenology was measured by calculating the date for five percentiles of individuals caught (5 th , 25 th , 50 th , 75 th , 95 th ); 93 were significant, 88 negative (earlier) and 5 positive (later). All percentiles showed a significant tendency, based on the sign test, for advanced emergences. This result confirmed earlier work by Zhou et al. (1996) on aphid phenology using a similar technique. These data relate to the systematic current worldwide period of warming temperatures (Dennis, 1993; IPCC, 2001) , experienced regionally in Britain as at Rothamsted (Woiwod, 1997) ; there are no observations, as far as we are aware, of climate signals in Lepidoptera phenology from large numbers of historic moth and butterfly data.
In this paper, we focus on the susceptibility of British moths and butterflies to climate change in an historical dataset preceding currently recognised warming trends. It is expected that conditions prior to emergence of adults will affect their timing of emergence. For instance, it is expected that higher temperatures and increased sunshine will advance emergence dates but that increased rainfall and cloud may retard emergence dates. An important issue is how far in advance of emergence dates are significant influences recorded; do climate influences impact on the period immediately prior to emergence, a month beforehand when Lepidoptera are passing through the final (pupal) stage, or are influences recorded for earlier periods, and therefore stages, as is the case with population numbers (Pollard & Yates, 1993) ? Any responsiveness of phenology to climate is expected to be complicated by Lepidoptera biology: by the typical period of emergence (i.e. spring to autumn), voltinism or brood number each year, body size, hibernation stage and micro-environment, larval feeding environment (i.e. whether on low growing herbs or higher up on shrubs and trees) internally or externally on substrates. Susceptibility may also be related to edge of range, conservation status, migration capacity and ease of recording or recording methodology, i.e. whether day flying or night flying. In addition, indirect effects via host plant phenology may be important, such as plant development following previous year's rainfall, although beyond the scope of the current work.
Work on competitive, stress-tolerant and ruderal (CSR) strategies of larval host plants among British butterflies would suggest that responsiveness to climate changes is not unexpected (Dennis et al., 2004) . As such, it is clearly of value to determine whether susceptibility to climate change links to biological attributes in moths and butterflies. The present dataset allows some links to be directly tested.
In this paper we examine the phenology of a large number of Lepidoptera species recorded in the second half of the nineteenth century, examine their responsiveness to temperature, and seek to answer the following questions:
-How far in advance of emergence do climate influences affect emergence dates?
-What aspects of a species' ecology influences its responsiveness to temperature [for example, later flying species may actually emerge later with increasing temperatures (Buse & Good, 1996; Woiwod, 1997) ]?
MATERIAL AND METHODS
The Marlborough College Natural History Society (MCNHS) (51°25´N, 1°44´W) collected a vast amount of phenological data in the mid-nineteenth century and in 1885 privately published the first 19 years of its results. In this paper we focus on the first observations of appearance in 1866-1884 of Lepidoptera (moths and butterflies) because the phenology of moths, in particular, is rarely studied. Over 500 species of Lepidoptera are included in the MCNHS report. However, we have focussed on the 155 species (121 moths and 34 butterflies; Table 1 ) for which at least 10 years of data were present. We do not know exactly how these records were obtained but assume they were collected by members of the MCNHS with verification by TA Preston, founder of the MCNHS.
In the same report are summarised weather measurements taken at Marlborough. From these records we have abstracted monthly averages of mean air temperature and total rainfall and have converted these to metric scales.
In determining the impact of climate, we examined which months' temperatures and rainfall totals were most influential on first appearance patterns. We had anticipated that conditions during the latter stages of larval growth and pupal development would most likely affect development rates and timing of adult stages (Dell et al., 2005) . For each species, we examined the correlation with the weather in the month in which its mean first appearance date occurred, and in the preceding months back to January of the previous year. Correlations were summarised in two ways, by calendar month and by month prior to the mean date of each species. The pattern of significant correlations with calendar monthly temperatures ( Fig. 1 ) was similar to that of mean correlation coefficients. Significant correlations in the current year were predominantly negative (warmer = earlier) while those of the previous year, particularly October, were predominantly positive. The pattern of correlations with prior months was much clearer (Fig. 2) ; those with recent months were negative but were positive further back in time. Significant correlations with monthly rainfalls (Fig. 3) were rarely above the level expected by chance alone, but tended to be positive (higher rainfall = later). The pattern with prior months' rainfall was broadly similar (not shown). Because significant rainfall correlations were rarely more than the expected background levels, rainfall was subsequently disregarded in favour of temperature. Figs 1, 2 and 4 show that two periods of temperature appear to be important in determining first appearance date: October of the previous year and the three prior months to mean date. Subsequently a multiple regression for each species of first appearance date on October temperature and on the mean of the previous three monthly mean air temperatures was undertaken to predict the likely effect of a 1°C increase in temperature in these two periods. The regression coefficients from these two variables (temperature responses) for the 155 species were examined in relation to different aspects of species ecology using either weighted regression, weighted ANOVA or weighted ANCOVA as appropriate with weights equal to the numbers of years of records for each species. Thus, greater emphasis was given to species whose temperature response was derived from more years of data. Mean values are presented ± se, regression, ANOVA and ANCOVA results are summarised by F ratio and probability value.
Information on the different aspects of the species ecology were abstracted and converted to scales and categories as shown in Table 2 . Table 1 lists the species, the mean and standard deviation of first appearance date and the numbers of years of data available. Two species had mean first appearance date in February, nine in March, seven in April, 42 in May, 57 in June, 34 in July, three in August and one in September. Butterfly species were significantly earlier, on average, than moth species (May 26 and June 10 respectively, F1,153 = 6.62 P = 0.011) and significantly better recorded, respectively an average of 15.6 years of data compared to 12.9 years (F1,153 = 37.75 P < 0.001). The standard deviation of butterflies was slightly but not significantly smaller than that of moths (16.3 days and 18.1 days respectively, F1,153 = 1.43 P = 0.23). Neither the slightly negative relationship (F1,32 = 2.32, P = 0.14) between standard deviation and mean date for butterflies or the slightly positive relationship (F1,119 = 2.45, P = 0.089) for moths was significant.
RESULTS
There were no significant trends in temperature during the study period (each month, P > 0.10). The response to October temperature averaged 3.63 ± 0.38 days/ºC i.e. warmer Octobers tended to delay first appearance date in the following year. The response to three prior months' temperature, in contrast, averaged -3.05 ± 0.54 days/°C indicating earlier first appearance with warmer temperatures preceding first appearance. Fig. 5 presents histograms of the two responses clearly indicating the contrasting effects. An attempt has been made to ascertain whether the response to climate of the species falls into any natural or logical groupings.
Conservation status
The responsiveness of species to October and three prior months temperatures did not differ significantly between species of conservation interest (n = 126) and other species (n = 29; Table 3 ). Whilst species of conservation status did not differ significantly from other species in mean date of appearance, they were significantly larger (40.0±1.3 mm and 33.0 ± 1.9 mm respectively, F1,153 = 5.45 P = 0.021). 
Distributional range
The responsiveness of species with ranges including Scotland was not significantly different from those restricted to England and Wales (Table 3) .
Voltinism
The responsiveness of univoltine species for three prior months (-3.74 ± 0.58 days/°C, n = 116) was greater, but not significantly greater (Table 3 ) than multivoltine species (-1.22 ± 1.23 days/°C, n = 36).
Mean date of appearance
A significant linear relationship existed between October response and mean first appearance date but not for the three prior months (Table 3) . For October temperatures, the delayed first appearance with warmer temperatures was more pronounced for species first observed later in the year. When examined between four month groups (February-April, May, June, July-September) significant differences between month groups were apparent for both temperature responses (Table 3, Fig. 6 ). In Fig. 6 the clear trend for a greater positive response to October temperatures and lower response to three prior months' temperature is apparent.
Butterfly or moth
No significant differences were found in responsiveness of butterflies and moths (Table 3) .
Day or night flying
Day flying Lepidoptera (mean 2.57 ± 0.56 days/°C, n = 44) were almost significantly less responsive to October temperature than night flying Lepidoptera (4.06 ± 0.48 days/°C, n = 111, Table 3 ). Day flying Lepidoptera were on average earlier (May 29 ± 6 and June 10 ± 3, respectively, F1,153 = 4.36 P = 0.038) and larger than night flying Lepidoptera (43.2 ± 2.3 mm and 36.9 ± 1.3 mm respectively, F1,153 = 7.01 P = 0.009). However, after elimination of mean date and size in an ANCOVA, the difference in October response was further from significance (F1,151 = 1.59, P = 0.21).
Wing size
There was no significant relationship between wing expanse and responsiveness (Table 3) . Table 4 summarises the mean responses of the eight families for which at least five members were represented. Despite the large differences, there was no significant difference in responsiveness between families (Table 3) as a consequence of the large variability within families.
Family

Feeding preferences
Species feeding on grasses and herbs had a mean temperature response to three prior months temperature of -3.62 ± 0.71 days/°C (n = 89) compared to shrub and tree feeders whose mean response was -1.56 ± 0.90 days/°C (n = 53). The difference was not quite significant (Table  3) .
Migrants
The few migrant or partially migrant species were significantly less temperature responsive to October temperatures (1.17 ± 1.19 days/°C, n = 14) than residents (3.88 ± 0.40 days/°C, n = 141) (Table 3) . However migrants were significantly earlier (May 8 ± 10 cf. June 9 ± 3, F1,153 = 13.59 P < 0.001) and larger (53.4 ± 3.4 mm cf. 37.2 ± 1.2, F1,153 = 21.33 P < 0.001). After eliminating the effects of mean date and size in ANCOVA, there was 
Hibernation environment
Nine species that overwinter as adults were eliminated from this test. A significant relationship existed between three prior month temperature response and hibernation environment (Table 3) . Species whose hibernation stages were less exposed had a greater negative response to temperature.
Larval and pupal exposure
No significant differences in responsiveness were detected (Table 3) .
DISCUSSION
Since the phenology of moths has been rarely reported, and then only for the period affected by systematic changes in temperatures over the past half century (Woiwod, 1997) , this use of historical data is valuable in increasing our understanding of the effects of climate on life cycle timings. During the period of study, annual mean temperatures were c. 0.9°C cooler than currently. The Lepidoptera include species of high conservation status and high pest status, and species of both low and high (migratory) mobility. As such they are an interesting group with which to further the study of climate impacts. What is very obvious is that, taken as a whole, these species are generally responsive to a warming environment. In general, species appeared much more responsive to temperature than rainfall, although this may not be true in other countries where water is deficient or in Britain during periods with a wider range of rainfall conditions. Other factors, such as host abundance or population dynamics may play a role in first detection date (for an example with birds see Tryjanowski et al., 2005 ) but we do not have contemporary data on these for our Lepidoptera. Temperatures of three months prior to appearance seemed to affect appearance in a negative way; higher temperatures advancing appearance dates. It was somewhat of a surprise that temperatures of the previous autumn, and in particular October, were having such a positive effect on appearance date. There was no significant correlation between temperature in the previous October and those in the current year (each month, P > 0.13) to explain this result. Since the magnitude of change arising from October and three prior months temperatures approximately cancel one another out the relative changes in temperature in these two periods will have a major influence on the changing pattern of phenology.
Some of the responses in individual species may be aberrant because of small sample size, but we used weighted regression to give greater emphasis to results based on more years.
In the examination of a large number of species attributes, we were surprised that we did not detect more patterns in the temperature responses of these Lepidoptera. Migratory species did not appear very responsive to pre- vious October temperature; an intuitive result since they are not in Britain at that time to experience that weather. Climate effects on migrants are likely to be very complex as they experience a range of climates at different parts of their life cycle . Overall, however, migrants are likely to be more flexible in response to a changing climate than their sedentary cousins (Dennis, 1993) .
The greatest difference appeared to result from the timing of the species; late flying species are particularly sensitive to previous October temperature and much less so to three prior months' temperature whilst the response of June species to the latter was particularly strong. If climate warming happens evenly through the year, these results suggest that late flying species will get progressively later whilst June species will get earlier. If change does not occur in synchrony with host or predator phenology then serious consequences may become apparent (for discussion, see Root et al., 2003) .
Do recent advances in spring phenology of moths and butterflies point to a differential warming, with greater temperature increase at the beginning of the year and less in autumn? Could recent advances in phenology be retarded as autumn temperatures start to increase? An obvious caveat is that our data are from a relatively small number of years from a single location. Our inability to detect many patterns in examining temperature response to species attributes may be because they are difficult to detect statistically in our relatively short data set or that we did not have available other appropriate species attributes. A more worrying alternative is that temperature responses in Lepidoptera species appear random or chaotic. If so, our ability to predict the consequences of a changing climate on Lepidoptera communities may be seriously challenged.
We hope that the findings in the Marlborough data will encourage other holders of long term data sets to examine them for features of species' ecology that may influence temperature response, in order that the consequences of a changing climate on Lepidoptera can be more fully understood. Influences that emerge in the current dataset (i.e. related to hibernal environment and mean emergence date) suggest complicated scenarios with climate change and this, together with the absence of definitive explanations for these relationships, points to fruitful areas for future research.
